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Abstract

The topic of exergy has sparked much interest in recent years as a system level attribute to aid in the systems engineering design
process. Exergy is defined as the useful work available to a system. It is an overall system level metric which integrates across
subsystems, disciplines, and the couplings between each. Exergy based analysis methods provide advantages over traditional
engineering methods in the search for elegant designs. This paper provides an overview of exergy, exergy based methods, and
examples of the uses of exergy in a variety of fields. A brief discussion of the use of exergy in rocket design and optimization is
also included. Furthermore a vision for multiple areas of exergy research is presented.
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Nomenclature

specific exergy, J/kg

enthalpy, J/kg

velocity, m/s

acceleration due to gravity, m/s"2
altitude, m

universal gas constant, J/kg-K
temperature, K

specific exergy content, J/kg
specific entropy, J/kg-K
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mp mass of propellant, kg
mveh  total mass of vehicle, kg
1,2 state of system process

1. Introduction

Exergy is defined as the useful work available to a system in reference to its environment, or dead state[1].
Sciubba defines exergy as “the maximum theoretical useful work obtained if a system is brought into
thermodynamic equilibrium with the environment by means of processes in which the system interacts only with
this environment.[2]” It is important to note here that useful work is any reversible work done to or by a system;
however, all real processes are irreversible by nature. Therefore, exergy analysis is a synthesis of the first and
second laws of thermodynamics[3], seen in Figure 1.
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Figure 1: First and Second Laws of Thermo
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For a system that proceeds from state 1 to state 2, there exists a state function of the system’s specific exergy
(J/kg) variation. This state function is given in equation 1[2].
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The left hand side of equation 1 represents the change in exergy of the system. The right hand side represents
different forms of energy use. The first term on the right side of equation 1 is specific enthalpy, the second term is
specific kinetic energy, the third term is specific potential energy, the fourth term is specific chemical energy, and
the final term is the irreversible entropy generation, or exergy destroyed. Because exergy is taken with reference to
environment, the exergy content of a system can change even if the state of the system does not[2].

Exergy based analyses can also be expressed in terms of overall system efficiencies. Three definitions of exergy
efficiency are provided by Sciubba[2]: the “Second Law” efficiency in equation 2, the degree of reversibility in
equation 3, and the coefficient of exergetic destruction in equation 4.

__ useful exergy output (2)
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As can be seen in the above equations, exergy represents a holistic characteristic of a system that can be related
to many different systems and subsystems. Because of this broad definition the systems engineering community has
become interested in exergy to help describe large-scale complex engineered system and provide guidance in the
design process of such systems. This paper addresses multiple areas of research that the authors envision exergy
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being a key component of. Work in these areas will identify if exergy is a useful system attribute as well as form a
foundation for the use of exergy in the design and systems engineering process.

2. Motivation

Large-scale complex systems consist of a large number of subsystems, each potentially consisting of a large
number of components. The traditional practice of engineering these systems is flawed. These flaws have been the
cause of an estimated $200 million[4] dollars per day lost due to project cost and schedule overruns. One reason for
these flaws is that the current way the requirements-based approach is conducted does not communicate holistic
preferences about the system to all system designers, from the stakeholder down to the lowest design engineers. A
meaningful, holistic approach or modification of traditional approaches is needed in order to provide a clear
preference to the designers to enable systems that are consistent with the preferences of the stakeholder.

In large-scale complex systems the many subsystems and components exist in distinct and different disciplines,
such as mechanical and electrical. Each discipline has its own set of traditional engineering methods which may not
be applicable to the others. For example, a finite element analysis (FEA) used in mechanical engineering would
have limited applicability in electrical engineering. Therefore, a need exists for an overall system metric that is able
to integrate subsystems across disciplines and domains. Because most, if not all, subsystems depend on energy in
some form, exergy provides this overall system metric[5]. Such a metric enables disciplines that were previously
optimizing their own objectives to now focus on an objective that can be shared across disciplines, leading to more
consistent decisions being made throughout the design process if that objective is the preference of the stakeholder.
Figure 2 shows just a few of the domains that share exergy as a common metric.

3. Exergy and Design

An overarching problem in systems engineering is the determination of what is a good design. Without a holistic
preference stated and quantified by the stakeholder the engineers are left questioning what the best design is.
Griffin[6] has identified four attributes that he believes define what he describes as elegant designs. Four attributes
of design elegance are ascribed:

the system design must be effective

the system design must be robust

the system design must be efficient

the system design must minimize undesired consequences

A system that is effective is a system that produces the expected outputs for a range of expected inputs. As
systems grow more complex, the number of subsystems grows along with the interactions between these
subsystems. Traditional analysis approaches, such as analyzing the stress of a beam, are unable to cross the
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Figure 2: Domains Sharing Exergy
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multitude of disciplines found across subsystems. In addition, the subsystems themselves can exist in a multitude of
states, which further complicates the task of traditional engineering analysis. Exergy based analysis provides a state
function that encompasses multiple domains and disciplines by using energy as a common currency. Exergy
analysis also takes irreversibilities into account, something which most traditional engineering methods do not. A
better assessment of realistic system performance can be gained via the evaluation of these irreversibilities. By
encompassing all the domains, couplings, and irreversibilities present in the state of a system, exergy provides a
vital overall system metric which is useful in design search.

Multidisciplinary Design Optimization (MDO)[7]-[12] is a field of research, born from structural optimization,
that optimizes systems in environments where many subsystems and components are interacting with each other.
These couplings are handled directly in MDO and used to improve optimization efficiency and effectiveness. The
couplings that attach the subsystems are not just physical (i.e. air disturbance or bolt connections), but can also be
such types as information (i.e. pressure and speed data). Exergy, as a subsystem and system attribute may be
represented as information being passed, may be indirectly passed along through physical couplings (such as air
flow), or may be passed to the system as a subsystem attribute to be used in a system objective function, such as the
minimization of exergy loss. MDO provides a proven framework for exergy to be incorporated in[13], and more
research is needed to understand exergies roles and presence in such frameworks.

A robust system design is one that does not radically deviate from expected behavior in response to small
perturbations in operating environment or input. Exergy based analysis methods can be utilized with sensitivity
analysis to identify those components of a system that are most susceptible to these extreme departures, due to the
fact that exergy based analyses take all domains into account across couplings. A future area of research will be
exergy’s incorporation into the MDO method of Global Sensitivity Equation (GSE)[14] which uses the couplings
between and within subsystems as a means to determine the impact of changes in design variables and parameters
on the system as a whole. Another important research area to be examined in the future is the role of exergy in
robust design methodologies. This includes such methods as Robust Design Optimization (RDO) and Reliability-
Based[15] Design Optimization (RBDO). It is also important to understand exergy’s role in decision theory
approaches such as Utility Theory[16]. In Utility Theory exergy would be, or be part of, the measurement, and a
risk preference would be applied upon the measurement. An optimization would then optimize the expected utility
instead of a deterministic value, as the uncertainties would be captured directly. Through this optimization the most
preferred design, using both value and risk preferences, would be determined from the set of alternatives examined.

As noted in the Section 2, exergy based analysis can provide an overall metric of system efficiency. This exergy
efficiency is based on the entire integrated system, which will enable stakeholders to rank order designs based on
efficiency and choose the most efficient. Exergy based efficiency function can also be used as an objective function
for MDO, allowing designs and processes which maximize efficiency to be selected. MDO only provides a
framework for optimization, requiring an objective function, and typically constraints, to be defined separately. The
formation of objective functions, incorporating exergy, that capture the true preference of the stakeholder is an
important research topic and is discussed in more detail in section 4.

A system’s undesired consequences can include wasted energy in the form of heat or vibration, unintended
interactions with other systems, or pollution. Because exergy and entropy are intimately related (equation 1), exergy
based analysis allows for irreversible system losses to be identified. As sustainability and minimization of wasted
energy become increasingly important issues for large design firms, exergy analysis provides a method of
identifying the main drivers of irreversible losses of systems. Topics of sustainability are explored in Section 5. By
incorporating exergy in the objective function, some forms of unintended consequences, mentioned above, can be
captured directly. This again points to the need for further research in the relationship between exergy and the
stakeholder’s true value preference.

3.1. Exergy Based Design Analysis

A number of exergy based design tools have been developed which show exergy can aid in the search for
effective designs. These methods can assess performance and efficiency of system designs, as well as aid in the
preliminary design and optimization of designs. Camberos and Moorhouse have demonstrated the use of exergy for
the design, analysis, and optimization of hypersonic aircraft[17]. Riggins used exergy based methods to assess
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performance of Brayton cycle engine[18], as well as hypersonic aircraft[19]. Doty[20] showed that exergy based
methods can aid in the integration and operation of system components. Exergy based analyses have been used to
assess the performance and efficiency of a multitude of power generating plants[21], including coal[22], fossil-
fuel[23], and nuclear plants[24]. These different areas of application highlight both exergy’s ability to be used in
diverse fields, as well as the ability to be incorporated in low level objective functions.

3.2. Rocket System Case Study
A brief overview of how exergy can benefit one particular field, the design of a rocket system, follows. An
exergy balance equation for aerospace systems is shown in equation 5.
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The first term on the left hand side is the amount of exergy expended by the propellant. The second term on the
left hand side is the sum of the exergy losses (entropy generation) across the mission trajectory. The first term on
the right hand side is the change in kinetic exergy due to kinetic energy change. The final term on the right hand
side is the exergy change due to the change in potential energy of the vehicle. It is clear in this equation the
incorporation of not only the first law of thermodynamics, but also the second law.

Exergy is an additive attribute of a system, therefore the exergy usage and exergy destruction of one rocket stage
can be summed with the exergy usage and exergy destruction of subsequent rocket stages to assess the exergy
efficiency of the overall integrated system. Equation (2) can be used with these total exergy values to determine the
overall efficiency of a rocket system. By assessing the efficiency of a rocket, decision makers can rank order design
alternatives based on exergy efficiency and make informed decisions based on a system level attribute. Gilbert[25]
and Watson[26] have shown this exergy efficiency analysis for case study rocket systems and NASA launch
vehicles, leading to analyses that informed designs in ways other non-holistic attributes could not.

It will be shown in a future work by the authors that the ideal rocket equation can be obtained from equation 5 by
taking the derivative of exhaust velocity. This shows that exergy based analysis contains not only the traditional
performance metrics of a rocket, but also takes into account the irreversible losses experienced by a rocket. In other
words, the exergy analysis accounts for past effectiveness and efficiency metrics as well as some system unintended
consequences, key considerations in the design for an elegant system.

The loss term of equation 5 can be decomposed into specific irreversible losses, such as losses due to drag,

Aerodynamic Drag, Heating
on Surfaces of Rocket

Launch Abort System —— § .
Crew Capsule — Life Support,

Electrical, Reaction Motors

Interim Cryogenic Propulsion Stage ——

Core Stage —
Cryogenic Boil-Off

<«— Solid Rocket Boosters

RS-25 Engines
Figure 3:Potential Subsystems to Include in Exergy Analysis (image:nasa.gov)
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thermal heating, and vibration loads. By decomposing the loss term into specific losses, decision makers can
identify technological and process improvements and direct effort towards those parts that will yield the greatest
efficiency improvements. Figure 3 shows a few example subsystems in which losses are present. Exergy analysis
can identify the causes, locations, and magnitudes of these losses. The rocket experiences aerodynamic drag and
aerodynamic heating losses as it travels through the atmosphere. The launch abort system contains propellants
which may fire in the event of catastrophe. The crew capsule contains many subsystems which rely on energy, such
as life support, electrical systems, and the reaction motors on the exterior. The core stage of the rocket contains
cryogenic propellants which boil off due to the temperature of the atmosphere. Finally, the solid rocket boosters and
RS-25 engines use the chemical energy stored in propellants to impart thrust forces on the vehicle, with losses in the
form of heat and vibration. This future research will be important as it will provide design and system engineers a
tool to focus their efforts as it relates to thermodynamic efficiencies.

Exergy analysis for a rocket system can be used as an objective function within MDO frameworks to maximize
the exergy efficiency of the rocket system. Figure 4 shows a typical curve of exergy efficiency vs. vehicle velocity
for an example two stage rocket.

In a submitted conference paper[27], the staging times of a rocket system are adjusted to maximize the exergy
efficiency of a rocket. The curve seen in Figure 2 represents efficiency, with the highest point indicating the point at
which the rocket system is most efficient. After this maxima, the efficiency trends downward, followed by a large
drop due to the separation of stage dry mass. This separation is typical in large rocket systems where segments are
removed as their associated fuel is burned up. This separation is performed to reduce the amount of mass that is
taken to orbit, and hence reducing the amount of work required by the system. The downward trend of the curve has
been seen to be caused by the loss of potential energy due to late separation of heavy rocket stages. By separating a
rocket stage at the point of maximum efficiency, the final total efficiency of the payload can be increased.
Optimizing the separation point, through use of data provided by exergy analysis, will enable a more efficient
system. This was previously not possible to explore as the exergy of the system was not previously being
calculated.

It is clear that System design and exergy have many intersections that need to be explored in future work. This
future work includes: the intersection of exergy with MDO; the incorporation of exergy into objective functions in
MDO frameworks; the formation of objective functions based solely on exergy and their impact on the design; the
use of exergy in robust design methodologies; the use of exergy as a measurement in utility functions; and the
amount of unintended consequences that are captured in exergy analyses. As exergy relates to the design of rocket
systems, future work includes improving the understanding of how exergy and the traditional rocket equation are
related, capturing more losses in the analyses (such as turbulence losses), developing methods or tools to help guide
systems engineers in resource allocation, and in the use of exergy in optimization of rockets, particularly for stage
separation determination. Future work by the authors will explore component selection for the design of a rocket,
using efficiency as the objective which will be maximized.

F(X)

First Stage
Separation

Final Efficiency

Vehicle
Figure 4: Efficiency Plot of a Rocket System
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4. Exergy, Cost, and Value

In addition to design analysis, exergy based cost analyses provide a research area to improve systems
engineering. In a field known as thermo-economics[28], or exergo-economics[29], cost functions have previously
been developed using exergy. These cost functions can determine the cost of processes used to produce goods, in
terms of $/J[28], [30]. By analyzing the exergetic cost, a production line can be optimized, via component or
process, to minimize the overall cost per unit of goods[31]. The method of exergy cost optimization can also be
extended to optimize the operation of a system, such as a power plant[30]. Incorporating exergy into cost enables
the formation of an objective function that is more akin to the types of preferences seen in commercial industry.
The reduction of cost is often touted as a preference, although the argument can be easily made that the true
preference is profit, with cost being one of two main drivers (the other being revenue). The formation of this cost
function, and its use in engineering design is an area deep in research need.

Value Driven Design (VDD) relates the attributes of a system to a single value, which can then be used to rank
order design alternatives[32]. VDD is an approach that is fundamentally different that the traditional requirements-
based approach. VDD strives to identify, quantify, and distribute the stakeholder’s single preference, enabling
design decisions that are consistent throughout the design organization. In VDD, a value function relates the system
attributes to the single numerical value.[33] Because value functions are functions of attributes, and therefore also
design variables, these attributes should be properly identified and carefully calculated. For example, a typical
attribute of a transportation system might be the miles per gallon fuel efficiency. Because exergy based cost and
exergy based efficiencies are both system level metrics, they are available as high fidelity attributes for use as
system value, or for use in conjunction with other attributes to form a higher level system value. Exergy based value
models will enable more informed decision making when choosing between design alternatives. Value functions
incorporating exergy attributes is a future research area of the NASA Systems Engineering Consortium.

5. Exergy, Life Cycle Analysis and Sustainability

In 2009, President Obama issued an executive order[34] directing federal agencies to measure, manage, and
reduce greenhouse gas emissions by developing sustainability plans. The order also directed agencies to meet
energy, water, and waste reduction targets. Agencies under the order include the Department of Defense and
NASA, making sustainability another systems engineering issue for which further use of exergy based analyses is
beneficial.

Exergy based indices of sustainability have been developed for large scale systems. Exergy renewability
indicators, which include exergy efficiencies, are used in conjunction with Life Cycle Assessment (LCA) methods
to trace the “exergetic history” of a commodity from cradle to grave[35]. Exergetic Life Cycle Assessment (ELCA)
extends the typical exergy analysis to include the entire life cycle of a system or process. ELCA can track the
resources used by production of goods. Specifically, it quantifies the depletion of natural resources, with a
distinction drawn between renewable and non-renewable resources[36], [37].

Cumulative Exergy Consumption[38] (CEC) assesses the exergy used in the production of goods. CEC tracks
the resources used by processes to provide an exergy cost of J/unit. CEC assesses the exergy loss which appears in
all processes of production, from the gathering of resources to the fabrication of the product itself. These exergy
assessments allow for the comparison of production methods and for the imperfections of the processes to be
identified. A drawback of CEC is that it does not take into account immaterial or labor factors[2].

Extended Exergy Accounting (EEA) is a standard exergy analysis, closely related to ELCA and similar to CEC,
which is modified by adding equivalent exergy flows which represent capital and labor factors, which are lacked by
CECJ39]. The equivalent labor flow includes both blue and white-collar activities, based on metabolic rates and
work imparted by humans onto production equipment. Capital flows include the facilities and equipment required
for a production line itself. EEA tracks exergy flow across the lifespan of a system or product, from construction to
decommissioning and clean-up. By evaluating the exergy usage and entropy generation across the life of a system,
steps can be taken towards sustainability. Optimization techniques can be utilized to minimize entropy generation
and wasted exergy, such as waste heat, mechanical vibration, acoustical losses, etc.[39] Future work in the
sustainability area will explore the use of exergy in design organizations, in manufacturing processes, in end of life
processes, and in system level conceptual decision-making.
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6. Complex Biological Systems

Baranger [40] defines complex systems to consist of four properties:
Complex systems contain many components which interact in a nonlinear fashion
Components are interdependent
Structure of the complex system spans several scales (abstraction and elaboration of a hierarchy)
Complex systems are capable of emerging behavior (behavior is emergent if it cannot be understood by
studying only the constituent behaviors of a system)
A combination of structure and emergent behavior leads to a self-organizing system. Examples of exergy as a
measure of the level of organization and information content of self-organizing biological systems has been shown
by Bastianoni and Marchettini[41]. Fath and Cabezas[42] compared exergy with Fisher information as indices for
the ecological modelling of a food web; exergy was shown to be suited for ecological applications due to the fact it
measures energy and biomass. Research in exergy’s applicability to biologically complex systems may provide
insight into poor assumptions or missed concepts that would otherwise not be realized.

7. Exergy and Information Theory

In the field of Information Theory, Shannon introduced an entropy function which describes the state of a system
of incomplete information based on the number of bits of information required to define that state[43]. Because this
state of information can be described by entropy, this implies that a state of information can be defined by
exergy[2]. This also implies that exergy can be a measure of system information. Brillouin reached a similar
conclusion, stating that “information gain means an increase in entropy...[44].” Jaynes[45] showed that statistical
mechanics is an instance of information theory, by deriving Gibbs’ entropy results from Shannon’s entropy.
Wall[46] extended the work of Jaynes by using Boltzmann entropy to relate information entropy to exergy, resulting
in an amount of exergy connected to a bit of information. Lindgren[47] explored a similar relationship between
exergy and information, by producing a thought experiment in which two gases are mixed. The mixed gases result
in a relation between exergy per molecule and information loss.

However, there is still disagreement on the matter of relating classical thermodynamical entropy to Shannon’s
entropy. Kiline[48], [49] argued that the dimensional equivalence between thermodynamic entropy and Shannon
entropy are not equivalent. If the two types of entropy are not dimensionally equivalent, then exergy must also not
be. Sciubba agrees, stating that “the few attempts to define ‘the exergy content of one bit of information’... strongly
suffer from a lack of well-founded theoretical development.[2]” Another method, also under debate, of relating
exergy to information content is to analyze the physical resources and exergy needed to produce and send a bit of
information, by using CEC or EEA[2].

The debate makes it clear that any possible links between information theory and exergy are fertile ground for
research. A link between exergy and information theory could provide a means of improving communications,
computing and data compression.

8. Exergy and Other Disciplines

8.1. Controls

Exergy has also been used as a basis for control methods. Most traditional control design is based on
approximating nonlinear systems as linear systems, resulting in performance losses. Robinett and Wilson used
exergy generation and exergy dissipation terms to evaluate control system performances, resulting in a nonlinear
control method. The exergy based control method was demonstrated on a two degree of freedom robot, resulting in
stability of the system[50]. Robinett and Wilson expanded the use of exergy based controls into a distributed
decentralized control law for collective robotic systems. In addition to using information theory, exergy and entropy
concepts were once again used to develop control laws for collective and individual robots. This method was
demonstrated via numerical simulation[51].

Nonlinear control systems which are based on exergy have been shown to result in improved performance over
linear based control methods. Higher performing control systems will result in higher performing and more efficient
systems. Research into exergy’s place in control methods will benefit the search for elegant design.
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8.2. Electrical Systems

In addition to the power generating plants, mentioned in Section 3.1, other systems which use electricity can be
analyzed by exergy based methods. Rosen has demonstrated the use of exergy based concepts when studying the
efficiencies of systems which use and convert electrical energy. Systems explored include electromagnetic coils and
mechanical armatures, in which the mechanical work done by a magnetic field is assessed[52]. In another work by
Rosen and Bulucea, other electrical systems are considered, including electrical conversion devices, electrical
storage systems, and systems driven by electricity. The efficiencies of these devices are determined, which allows
for possible improvements to be identified[53].

It is demonstrated in these examples that exergy once again provides a means of evaluating efficiencies of these
systems. Further research into the use of exergy analysis on electrical systems will yield performance and
sustainability benefits related to the increasing the efficiencies of these systems.

8.3. Heat Transfer

Bejan[54] authored a review paper devoted to assessing the thermodynamic irreversibilities of heat and mass
transfer systems. Methods of entropy minimization by exergy analysis are investigated, along with design tradeoffs
between heat transfer and fluid flow irreversibilities. Devices analyzed include heat exchangers, thermal energy
storage devices, and mass exchangers. The exergy of thermal radiation has been explored by Patela[55]. Formulas
for the computation of exergy of radiation are presented. Heat transfer is of great interest for exergy based analyses,
especially in the realm of sustainability, where heat waste accounts for large portions, roughly thirty percent[56], of
energy loss in industrial processes.

Aerodynamic heating is a concern for hypersonic aircraft and aerospace vehicles. Exergy analysis can identify
the losses associated with heating due to highspeed airflow[13]. The identification of these losses allow for
improvements and optimization of aircraft design.

8.4. Space Habitats and Life Support

As briefly mentioned in Section 1.2, manned space vehicles and habitats require life support systems to keep the
crew alive. These systems consist of ventilation, carbon dioxide scrubbing, and environmental controls, each with
their respective energy losses. The authors are currently investigating the use of exergy analysis on the International
Space Station’s life support system. Life support systems are a crucial component of manned space systems, so
benefits gained by exergy based methods are benefits passed up to the overall system, thereby improving the
efficiency and performance.

9. Conclusion

Exergy is the useful work available to a system. It is an overall system metric which encompasses the
interactions between subsystems and across disciplines. Multiple examples, including a rocket design example
discussed in this paper, have shown that exergy is a useful attribute to consider in systems engineering design.
Exergy based analysis, including exergy efficiency analysis, provides advantages over traditional engineering
analyses due to the underlying incorporation of the second law of thermodynamics. As an analysis approach the
benefits of exergy and the work needed to improve acceptance by the engineering community are clear.

The true need from engineering is at the systems engineering level in how to handle the design of the ever more
complex systems that are being created. It is clear that the current approach to systems engineering needs
modification or replacement in order to reliably produce elegant systems. Mathematically founded approaches to
design, such as MDO, VDD, and decision analysis have been proposed, as well as a mix of these. Exergy, as a
holistic system attribute that can be decomposed into subsystem attributes, is a prime candidate to be captured,
directly or indirectly (depending on preference), in the objective/value/measurement function that these approaches
require. Such a holistic value function would enable systems to be rank ordered and for stakeholders and engineers
throughout the organization to make informed decisions when faced with different design alternatives.

Exergy is also shown to be useful in LCA when faced with the growing concerns of sustainable processes.
Exergy based cost modelling approaches can be used to reduce the cost of production of goods, or generation of
power. Finally, it is shown that exergy can even be extended into the domain of self-organizing biological systems.
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These areas all represent vast research areas that can be examined to build up the use of exergy in systems
engineering and design.
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